Abstract Magnetoencephalography (MEG) has become accepted as a useful method for non-invasively studying brain functions, including visual perception. The present study used MEG to elucidate information processing following pattern-reversal stimulation by analyzing the origins and properties of visual evoked magnetic fields (VEFs). The VEFs of ten healthy adults were recorded in a magnetically shielded room using a 122-channel whole-head magnetometer. The visual stimulation of checkerboard-pattern reversal at 1.7 Hz was presented to the subject's right hemifield. Visual evoked potentials (VEPs) were recorded simultaneously, and 150 responses were each averaged for VEFs and VEPs. For the contrast profile study, pattern-reversal stimuli at five different contrast levels from 96% to 8% were used. In all subjects, the VEFs showed three components with latencies of approximately 95, 120, and 160 ms. The equivalent current dipoles for the first and the third components were located and were oriented close to each other in the left occipital lobe, but these dipoles were separated from that of the second component, which showed an opposite direction. Stimuli at a moderate contrast level markedly reduced the first component, but not the third. These findings indicate that the first and the third components of VEFs appear to originate from anatomically closely situated, almost identical, sources, but that their physiological properties differ. 
Introduction
Visual evoked potentials (VEPs) have commonly been used to assess the human-brain functions elicited by visual stimuli. VEPs in response to pattern-reversal stimulation, which consist of at least three components (named N75, P100, and N145 according to their polarity and peak latencies) are generally used in daily clinical practice, because P100, the largest of the three components, shows the least variation in latency either inter-or intra-individually (Halliday 1993) . The origin of P100 in the brain has, thus, been intensively investigated by vision researchers, and it has been suggested to originate in the occipital visual area (Barrett et al. 1976 ). However, there is still some disagreement as to the specifics of its origin because of the difficulty in estimating sources of brain activities manifested as electrical potentials, which are notably distorted by compound volume conductors within the head. This complexity of electrical conductivity within the head makes it all the more difficult to identify the sources of N75 and N145 by the conventional methods.
Magnetoencephalography (MEG) is one of the noninvasive methods developed for studying human-brain function (Cohen 1968) and has been applied to the study of human visual function as well (Brenner et al. 1975; Ilmoniemi et al. 1984; Aine et al. 1990; Stok et al. 1990; Armstrong et al. 1991; Harding et al. 1991; Ahlfors et al. 1992; Degg et al. 1993; Seki et al. 1996) . MEG measures the changes of magnetic fields generated around the head that accompany the electrical activities in the cortex, which are essentially unaffected by the electrical complexity. Therefore, MEG has good potential for estimating the source of brain activity related to N75, P100, and N145 with accurate spatial localization and also affords temporal resolution as high as that of the electroencephalographic (EEG) technique.
In recent years, multi-channel and whole-head type magnetometers have been developed, facilitating simultaneous measurement of neuromagnetic responses of the whole brain (Ahonen et al. 1993; Vrba et al. 1993) . Us-ing a whole-head magnetometer of the planar type, we evaluated the detectability and accuracy of dipole localization. The present study was undertaken to elucidate sources of cortical activities elicited by pattern-reversal stimulation using a whole-head MEG system. The obtained visual evoked magnetic field (VEF) exhibited three components that apparently corresponded to the N75-P100-N145 sequence of pattern-reversal VEP. We first analyzed the locations of the sources of the VEF components using the equivalent current-dipole (ECD) estimation method (Hari 1991; Hämäläinen et al. 1993) , and then studied the effects of stimulus contrast on these components. Here, we report that the first and the third VEF components originated from closely adjacent anatomical areas and showed different responses to stimulus contrast. The results are discussed in terms of the structural and functional relationship of the sources activated by pattern-reversal stimulation.
Subjects and methods

Subjects
Ten healthy subjects (age range: 20-34 years; nine men and one woman) with no ophthalmologic or neurological abnormality participated in this study. All subjects had normal or corrected-to-normal visual acuity and binocular vision. Informed consent was obtained from each subject before the experimental procedures were carried out. Refractive errors, if present, were corrected with glasses or contact lenses. The subject sat in an armchair with the head placed in a helmet-shaped dewar and was instructed to fixate binocularly on a small dot placed halfway at the left edge of the rectangular stimulus field, so that the subject's right visual field was stimulated.
Visual stimulation
Pattern reversal of a black-and-white checkerboard was generated by a Macintosh computer and MacProbe software program (Aristometrics, Castro Valley, Calif., USA). The stimulus image was back-projected with a refresh rate of 66.7 Hz onto a screen placed at a distance of 90 cm in front of the subject's eyes using a liquid-crystal projector (PC-PJ611, NEC, Tokyo, Japan). This projector was placed outside the magnetically shielded room (NKK, Yokohama, Japan) in which all measurements were made. The frequency of checkerboard reversal was 1.7 Hz, and the size of each check subtended 28 min of arc. The background of the stimuli was uniformly gray, and the mean luminance of the stimulus pattern was 20 cd/m 2 , which was determined by the limitation of the stimulating devices we used.
In order to elicit responses large enough to obtain reliable goodness-of-fit values for the ECD (see below), the contrast of the checkerboard pattern was fixed at 96%, and the rectangular stimulus field subtended 32°vertically and 21°horizontally. In the experiment for determining the effects of stimulus contrast on VEF, we employed a field size of 16°vertically and 10.5°horizontally and carried out five consecutive measurements with stimuli of different contrast levels: 96, 56, 32, 17, and 8% in random order. The illuminance in the magnetically shielded room was maintained below 10 lux.
Measurement
The magnetic fields were measured in the magnetically shielded room using a whole-head 122-channel direct-current superconducting quantum interference device (DC-SQUID) magnetometer (Neuromag, Helsinki, Finland) . This instrument consists of 61 pairs of planar-type first-order gradiometers, placed on a helmetshaped surface at the bottom of the dewar. Each pair of gradiometers measures two orthogonal (latitudinal and longitudinal) tangential derivatives of the radial magnetic field perpendicular to the head surface. These planar-type gradiometers produce the maximal signal just above the generator source. The typical whitenoise level of this instrument is 3-5 fT/(cm√Hz).
For derivation of the head position with respect to the helmetshaped sensor, three small indicator coils were attached to the subject's scalp, and their locations were determined by feeding an electric current to these coils. Each subject was instructed not to move the head during the recording. For the contrast-profile experiment, because the measured magnetic responses could be affected by the changes of head position in the helmet-shaped sensor, we accepted only data from sessions in which the positional variance of three indicator coils was smaller than 8 mm in all five of the measurements. The locations of the indicator coils with respect to landmarks on the head (nasion and the right and left preauricular points) were measured with a 3-D digitizer (Isotrak II 3S10006, Polhemus Navigation Sciences, Colchester, Vt., USA) to allow alignment of the MEG data using magnetic-resonance imaging (MRI) coordinate systems. For simultaneous recording of VEP, an Ag/AgCl electrode was placed 5 cm above the inion, while the reference electrode was placed at the mid-frontal point. Their impedance was maintained at less than 5 kΩ.
Both the magnetic and electrical responses were digitized at 899 Hz, with a band-pass filter of 0.03-100 Hz for MEG and 0.07-120 Hz for EEG. For each recording session, 150 epochs, each epoch from 50 ms before to 300 ms after the onset of each pattern reversal, were averaged on-line. A vertical electro-oculogram was used for automatic rejection of the responses contaminated by eye movements or blinks.
Data analysis
The averaged responses were low-pass filtered at 60 Hz off-line. The zero level for amplitude measurement was defined by the average of signals recorded during the 50-ms prestimulus period. For measurement of peak latencies and amplitudes, we excluded small deflections which did not exceed the typical baseline noise level of 5 fT/cm.
To estimate sources of the evoked responses, we employed the ECD model, in which the 3-D location, direction, and strength were deduced from the measured magnetic-field distribution by a least-squares search. The goodness-of-fit (g) of the model was used to describe the proportion of the measured field variance explained by the calculated ECD. The g value is 100% when the measured field is completely explained by a current dipole for all channels. A single ECD was searched for in the data obtained from the posterior-half subset of 52 channels during the period including each of the response peaks. The 95% confidence volume for the ECD location was also calculated based on the noise levels and linearization of the model at the ECD location (Hari et al. 1988; Hämäläinen et al. 1993) . We accepted only the ECD that fulfilled at least one of the following two criteria: g value larger than 80%, or g value larger than 70% and confidence volume less than 0.1 cm 3 .
In four of five subjects, in whom ECDs fulfilled the above criteria for all three components, head MRI was performed using a 1.5-T Signa system (General Electric Medical Systems, Milwaukee, Wisc., USA). The T1-weighted axial images with contiguous 1.5-mm slice thickness were adopted to superimpose the ECD sources estimated from the MEG data. When obtaining MRI, three capsules were placed at landmarks on the head used by 3-D digitization to match the common coordinate system between the MEG and MRI measurements.
Results
Visual evoked potentials and visual evoked magnetic fields Figure 1 shows the electrical and magnetic responses evoked by pattern-reversal stimulation of the right visual field in one subject. Each trace shows a 350-ms time period from 50 ms before until 300 ms after the onset of pattern reversal, which is represented by the vertical line. In Fig. 1B, 61 pairs of the VEF traces at all 122 channels are shown. The upper and lower traces of each pair show the latitudinal and longitudinal derivatives, respectively. In the VEF records, the main activities were observed in the left posterior head, whereas in the anterior channels no substantial activities were detectable against the background noise of the records. Therefore, the data from the posterior subset of 52 channels were subjected to further estimation and analysis of ECD. As shown in Fig. 1C , the VEF consisted of three main deflections (indicated by arrows) resembling the N75, P100, and N145 components of pattern-reversal VEPs, and these deflections were observed in all ten subjects. The mean latencies of these peaks of VEF and VEP are given in Table 1 .
Field map of visual evoked magnetic fields and equivalent current dipole analysis
The isocontour maps of evoked magnetic fields around the head at the latencies of the three peaks, observed in another subject, are illustrated over the schema of the helmet-shaped sensor array in Fig. 2 . These maps reflect the sequential cortical activation in response to patternreversal stimulation. The magnetic flux coming out of the head and that going into the head are shown. The first and third peaks showed field patterns very similar to each other. At each of the three peaks, the magnetic field showed a clear single-dipole pattern over the left occipital area, the side contralateral to the stimulated visual field. The directions of the ECD estimated from these magnetic field patterns are also shown.
In Fig. 3 , the ECDs for the three VEF components shown in Fig. 2 are superimposed on the subject's own MRI slices. The ECD for the second component was located at the medial region of the left occipital lobe along the calcarine sulcus and was oriented posteromedially, whereas those for the first and the third components were located more laterally than that for the second component and were oriented anterolaterally. The ECDs for the first and third components were oriented in the same direction and originated from closely situated sources; the distance between the origins for these two calculated ECDs was 7.9 mm in this subject.
In 5 of the 10 subjects who participated in this study, ECDs fulfilled the goodness-of-fit criteria for all three components (Table 2 ). In 4 of these 5 subjects, the locations of the ECDs in the occipital lobe were analyzed by superimposition on the MRI slices of each subject. However, the anatomical locations depicted on MRI differed for each individual subject, and we could not determine a single anatomical substrate responsible for generating VEF by MRI. For this reason, we analyzed the relative locations of the three ECDs. In all five of the subjects, the ECDs for the first and third components demonstrated similar orientations, and both originated from closely adjacent sources. Figure 4 illustrates the ECD locations for the three components observed in these five subjects. The distance between the origins of the ECD for the first and second, the first and third, and the second and third components was 19.8±7.9, 7.1±2.5, and 22.8±9.0 mm (mean±SD), respectively. A significant difference was noted in the distance between the first and the third ECD compared with the other two inter-dipole distances (Fisher's protected least-significant difference test, P<0.05). Contrast profile study
We investigated the effects of stimulus contrast on the three components of VEF in response to pattern-reversal stimulation. Figure 5 shows magnetic responses to pattern reversals presented at five different contrast levels (96, 56, 32, 17, and 8%) in the subject shown in Fig. 1 . Maximal responses were observed at these channels in the left occipital area for all contrast levels. As for the susceptibility of each component to the intensity of stimulus contrast, some differences were observed among the three components. The amplitude of the first component was markedly reduced with moderate to low contrast stimuli, whereas that of the third component showed much less reduction even at lower contrasts, and the second component retained its amplitude regardless of contrast. Figure 6 demonstrates the effects of changes in the stimulus contrast on the mean amplitudes of each of the three components of VEF across eight subjects. The largest responses were recorded at channels 77, 83, and 93 in all subjects tested except for one, in whom the adjacent channels (79, 85, and 93) demonstrated the largest responses. The mean amplitude of each component was calculated for these three channels, and the amplitude at each contrast level was normalized with respect to the value obtained at 96% contrast. The amplitude of the first component declined most prominently as the stimulus contrast was reduced. In contrast, the amplitudes of the second and third components were less affected in the moderate range of contrast between 32 and 56%. The contrast profile of the first component differed significantly from that of the second or third component (repeated measures analysis of variance, P<0.05). As shown in Fig. 7 , the latencies of all three components similarly increased with the reduction of the stimulus contrast.
Discussion
The results of the present study demonstrated that VEF in response to pattern-reversal stimulation consisted of three components, as does VEP. Simultaneous recordings of VEF and VEP demonstrated similar peak latencies. In the present VEPs, which were recorded according to one of the commonly used electrode-placement systems (American Electroencephalographic Society 1984; Celesia et al. 1993) , the first positive peak corresponded to P100, although peak latency was delayed. The mean luminance of the stimulus pattern was 20 cd/m 2 , which was the highest value we could obtain with our stimulating devices. The latency delay is thus considered to be due to the luminance used in this experiment, which was lower than that generally used since decreased pattern luminance delays the latency of pattern VEP (Halliday et al. 1973; Cant et al. 1978; Froehlich and Kaufman 1991) . The intervals between the first and second VEF peaks and the second and third VEF peaks were calculated to be approximately 25 ms and 38 ms, respectively, and these values are similar to those among the N75-P100-N145 components of the VEP. Therefore, the first, second, and third components of the VEF in the present study are thought to correspond to the N75, P100, and N145 of VEP by pattern-reversal stimulation, respectively. Barrett et al.(1976) first described the paradoxical lateralization of VEP to hemifield stimulation and ascribed its main source to the medial and posteromedial surface of the visual cortex. Subsequently, evidence supporting this hypothesis was reported (Ilmoniemi et al. 1984; Harding et al. 1991; Brigell et al. 1993) , but the exact location of the sources has remained uncertain. Onofrj et al.(1995) suggested that VEP sequence is not elicited in the infoldings of the calcarine fissure, but only in the mesial and occipitopolar surfaces of calcarine cortex. The present findings suggest that the ECD for the second component of VEF is located medially in the occipital lobe. However, as the anatomical location of the ECD in the occipital lobe depicted on MRI differed for each individual subject, we could not identify a single anatomical substrate shared by each source on MRI. The anatomical complexity and individual variations of the human striate cortex (Brindley 1972 ) might contribute to this variable outcome among different subjects. Although a simple comparison cannot be made because of the different experimental settings, Seki et al.(1996) has localized the ECD for P100m, the magnetic counterpart of P100, at the lateral bottom of the calcarine fissure, in a smaller part of the striate cortex than that previously reported.
As for relative locations among the ECDs for the three components, the present findings were noteworthy. In contrast to the ECD for the second component, those for the first and third components had similar orientations in most of the subjects, and these two also appeared 380 Fig. 6 Contrast profiles of amplitudes of the three visual evoked magnetic-field components at three channels (77, 83, and 93) across eight subjects (mean±SEM). The amplitude at each contrast was normalized with respect to the value obtained at 96% contrast Fig. 7 Contrast profiles of latencies of the three visual evoked magnetic-field components across eight subjects (mean±SEM) to be located close to each other. Since the reported localization accuracy of ECD with excellent goodness-offit ranges from approximately 3 mm (Yamamoto et al. 1988 ) to 8 mm (Cohen et al. 1990) , the mean distance of 7.1 mm between the ECDs for the first and third components observed in the present study may, in fact, reflect phenomena originating from an identical source. In contrast, ECD for the second component unequivocally differed from that of the first and third components in terms of its location and orientation. Analysis with the single ECD model poses some inherent limitations in identifying the source of the widely spread phenomena (Hari 1991; Da Silva and Spekreijse 1991) . When the ECD model is utilized, it is important to consider that one activated area is represented by a small point, even though it is constricted or widely spread, similar to a "center of gravity". However, even if each ECD for the first and third component represents the result of the summation of widely activated cortical areas, it is still possible that those areas share a considerably large overlap, which is distinct from the source of the second component. Interestingly, a recent report by Hatanaka et al.(1997) , using pattern-reversal stimulation of a green-black checkerboard with each square subtending 0.9°of arc and the total stimulated field subtending 9×9°, suggested that N75m and N145m in the pattern-reversal VEF originated from the same location in the striate cortex as P100m and successively reversed their orientations by 180°dur-ing the time course. Their results seem to be very comparable with ours, except that the second component originated from the same location as the first and the third components. This discrepancy might be due to differences in the stimulus properties.
The first and third components of VEF appeared to originate from a closely adjacent cortical area, but the physiological properties of the first component were revealed to differ from those of the other two. Decreasing the stimulus contrast reduced the amplitude of the first component of VEF most markedly. However, the reduction in stimulus contrast increased the latencies of all three components to a similar degree. Thus, the larger contrast dependency observed in the first component compared to the second and third components was not primarily caused by a different degree of desynchronization of neuronal excitation depending on the different timing of impulse arrival, but more likely reflected physiological differences among the neuronal circuitry responsible for the components. Similar observations regarding VEP were made by several investigators. Using pattern-onset stimulation with sinusoidal gratings, Manahilov and Vassilev (1986) demonstrated that the N1 amplitude of VEP showed a clearly steeper decrease with different contrasts compared with N2. Different properties were also demonstrated between N75 and N145 in other studies on VEP ). Aging (Allison et al. 1984; Shaw 1984) and check size of the pattern-reversal stimulation (Kurita Tashima et al. 1991 ) also affected N75 in a different fashion than P100 and N145. Clinical evidence of this dissociation was also reported in patients with multiple sclerosis (Ghilardi et al. 1991) . Several previous VEP studies using sinusoidal grating stimuli proposed the existence of the parallel pathways of visual information processing by manipulating stimulus parameters (low-contrast vs. high-contrast: Bobak et al. 1984 , higher spatial frequency vs. lower spatial frequency: Parker and Salzen 1977; Plant et al. 1983) . Our results might be explained with the aid of this assumption of parallel pathway, but we are not able to discuss this possibility at this time because our stimulus contrast was in a relatively higher range than that in the study by Bobak and colleagues.
Activities from the three sources might have temporal overlap, which would affect the source locations estimated using a single-dipole model at single latencies. However, the use of a time-varying multidipole model is not so straightforward, especially in cases with such close locations of the three sources. In the present study, the results obtained with a multidipole model did not actually differ so much from those obtained with the single ECD search. The present results would thus at least imply that, in response to the pattern reversal stimulation, a certain area of the occipital visual cortex is activated twice at the latencies of the first and third peaks. A recent MEG study (Aine et al. 1995) demonstrated the recurrence of activities in the striate and extra-striate regions, activated at different time points after the stimulus onset, which displayed similar temporal profiles despite differences in experimental settings and analytical method.
Although the present study, adopting a single check size for stimuli, limits the conclusions, because stimulus parameters influence the strength of the sources in each cortical region and also affect the dominant pattern of activation seen in field distributions (Aine et al. 1995) , it is suggested that closely adjacent anatomical areas produced a doubly prominent increase in their neuronal activities, which demonstrated different physiological properties in response to stimulus contrast.
